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Abstract
Following recent experimental developments, in this study we re-evaluate if the interplay
of high- and low-energy lepton flavour violating observables remains a viable probe to test the
high-scale type-I supersymmetric seesaw. Our analysis shows that fully constrained supersym-
metric scenarios no longer allow to explore this interplay, since recent LHC data precludes the
possibility of having sizeable slepton mass differences for a slepton spectrum sufficiently light
to be produced, and in association to BR(µ → eγ) within experimental reach. However, re-
laxing the strict universality of supersymmetric soft-breaking terms and fully exploring heavy
neutrino dynamics, still allows to have slepton mass splittings O(few %), for slepton masses
accessible at the LHC, with associated µ → eγ rates within future sensitivity. For these sce-
narios, we illustrate how the correlation between high- and low-energy lepton flavour violating
observables allows to probe the high-scale supersymmetric seesaw.
1 Introduction
Supersymmetric (SUSY) seesaw realisations offer an appealing framework to address several of
the observational and theoretical shortcomings of the Standard Model (SM). Even if realised at
a very high-scale (close to the grand unification scale, MGUT), prior to their decoupling, the new
right-handed neutrino superfields induce corrections into the SUSY soft-breaking slepton terms.
Since neutrino oscillations do not conserve lepton flavour, these corrections are lepton flavour
violating (LFV), and can induce SUSY contributions to slepton mediated charged LFV (cLFV)
observables [1].
Compared to its non-SUSY version [2], and in addition to accounting for neutrino masses and
mixings, the high-scale type-I SUSY seesaw opens the door to a large number of cLFV observables
at/below the TeV scale, that can be searched for in low-energy, high intensity facilities or in high-
energy colliders as the LHC or a future Linear Collider (LC). Among the former one has flavour
violating radiative and three body lepton decays, as well as muon-electron conversion in nuclei [3–
26]; the latter are associated to the potential reconstruction of SUSY decay chains involving slepton
intermediate states, and include various observables, such as for example flavoured slepton mass
differences and direct flavour violating gaugino decays [27–41].
However, in the absence of SUSY discovery (and reconstruction of its fundamental Lagrangian),
the contributions to the different cLFV observables allow for a wide range of predictions, as the
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observables are in general dependent on powers of the average SUSY scale and of the seesaw scale.
While the first might be possibly known in the near future, the second cannot be directly probed,
which renders these scenarios hard to test. However, when embedded into flavour blind SUSY
breaking models, the type-I seesaw is the unique source of flavour violation in the lepton sector,
implying that all lepton flavour violating observables will be correlated. The study of the synergy
between different low-energy observables and/or high-energy ones proves to be a powerful tool to
probe the high-scale type-I SUSY seesaw (see, for example, [30, 32,33,35,37,40]).
Since the first related analyses, important experimental developments have occurred, in a
number of fronts. Firstly, θ13 has been measured [42–45], its value being sizeable. Regarding
high-energy experiments, LHC negative searches on SUSY particles suggest a considerably heav-
ier SUSY spectrum [46–51], which puts increasingly stronger bounds on the parameter space of
constrained SUSY models. Accommodating the measured mass of the recently discovered SM-like
Higgs boson [52] renders the latter bounds even more severe. Finally, the MEG experiment has
significantly improved the upper bounds on BR(µ→ eγ) [53]. In view of the latter developments,
it is important to re-evaluate the prospects of probing the type-I SUSY seesaw via the synergy be-
tween slepton mass differences (if measured at the LHC) and low-energy cLFV observables such as
BR(µ→ eγ). Charged sleptons may indeed be discovered in the forthcoming √s = 14 TeV LHC
run or then in the subsequent high luminosity phase, for which an integrated luminosity ∼ 3000
fb−1 is expected [54, 55]. If indeed discovered, promising windows over the lepton flavour puzzle
can be opened, with prospects for shedding light on the mechanism of neutrino mass generation1.
The aim of the present study is thus to discuss whether sleptons with inter-generational mass
differences (resulting mainly from a high-scale type-I SUSY seesaw), compatible with current
cLFV results and negative SUSY searches, can be seen in future LHC runs, and how such obser-
vations would in turn affect the information one could derive on the seesaw parameters. To do so,
we consider the embedding of a type-I seesaw into constrained SUSY models, in particular into
the constrained minimal supersymmetric standard model (cMSSM), extended by three genera-
tions of right-handed neutrino superfields. We then relax some of the cMSSM strict universality
conditions for the different sectors, still preserving flavour universality. We discuss the impact of
these scenarios on high-energy cLFV observables as slepton mass differences (between sleptons
of different families), while at low-energies we focus on µ → eγ decays and µ − e conversion in
Nuclei.
The paper is organised as follows. In Section 2 we briefly describe the type-I SUSY seesaw
model and its most relevant phenomenological signatures. In Section 3 we present the analysis
and discuss the results; our conclusions are summarised in Section 4.
2 The SUSY seesaw model
The type-I SUSY seesaw consists of the Minimal Supersymmetric Standard Model (MSSM), ex-
tended by three generations of right-handed neutrino (chiral) superfields Nˆ ci ∼ (νc, ν˜∗R)i. The
leptonic part of the superpotential reads
W lepton = Nˆ c Y ν Lˆ Hˆ2 + Eˆc Y l Lˆ Hˆ1 + 1
2
Nˆ cMR Nˆ
c , (1)
where Lˆ and Eˆc denote the SU(2) lepton doublet and right-handed charged lepton superfields,
respectively, and Hˆ1,2 are the two Higgs supermultiplets. Without loss of generality, we work in
1A recent work has revisited charged cLFV signatures, within a SU(5) GUT framework, in low-energy observables
and in flavour violating neutralino decays [41]. Low-energy cLFV in the framework of an SO(10) embedded type-I
SUSY seesaw, taking into account the constraints from mh, was discussed in [56].
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a basis where both the charged lepton Yukawa couplings Y l and the Majorana mass matrix MR
are diagonal. For completeness2, the slepton soft breaking potential is given by
Vsleptonsoft = ℓ˜∗Lm2L˜ ℓ˜L + ℓ˜∗Rm2E˜ ℓ˜R + ν˜∗Rm2ν˜R ν˜R
+
(
ℓ˜∗RA
l ℓ˜LH1 + ν˜
∗
RA
ν ν˜LH2 +
1
2
ν˜RBν ν˜R +H.c.
)
. (2)
We consider a flavour-blind SUSY breaking mechanism (so that the Yukawa couplings are
the only source of flavour violation), as for example the case of minimal supergravity mediated
SUSY breaking, assuming that the soft breaking parameters satisfy universality conditions at some
high-energy scale, which we take to be the gauge coupling unification scale, MGUT ∼ 1016 GeV:
Mψi = M1/2 , (m
2
φ˜
)ij = δijm
2
0 , (Aφ)ij = A
φ
0 (Y
φ)ij . (3)
In the seesaw limit (i.e., Y νv2 ≪ MR), after electroweak (EW) symmetry breaking, the light
neutrino mass matrix is approximately given by mν ≃ −v22Y νTM−1R Y ν , where v2 is one of the
vacuum expectation values of the neutral Higgs Hi (v1(2) = v cos(sin)β, with v = 174 GeV). As
suggested from the seesaw expression for mν , a convenient means of parameterising the neutrino
Yukawa couplings Y ν , while at the same time allowing to accommodate neutrino data, is given
by the Casas-Ibarra parameterisation [10]. At the seesaw scale one can write
Y ν =
i
v2
√
MdiagR R
√
mdiagν U
MNS† , (4)
which we will use in our numerical analysis. In the above, UMNS is the leptonic mixing matrix
and R is a complex orthogonal matrix, parameterised in terms of three complex angles (θi),
that encodes additional mixings involving the right-handed (RH) neutrinos; mdiagν and M
diag
R
respectively denote the (diagonal) light and heavy neutrino mass matrices.
2.1 Flavour violation in the slepton sector
Due to the non-trivial flavour structure of Y ν , the running from MGUT down to the seesaw scale
MR will induce flavour mixing in the otherwise (approximately) flavour conserving slepton soft
breaking terms [1]. This running is more pronounced in the “left-handed” soft breaking terms (i.e.,
the terms involving slepton doublets). At leading order (leading logarithm (LLog) approximation),
the flavour mixing induced by the renormalisation group (RG) flow reads
(
∆m2
L˜
)
ij
= − 1
8π2
(
m2
L˜
+m2ν˜R +m
2
H2 + |Aν0 |2
)(
Y ν†LY ν
)
ij
, (5)
(
∆Al
)
ij
= − 1
16π2
(
Al0 + 2A
ν
0
)
Y lii
(
Y ν†LY ν
)
ij
; Lkl ≡ log
(
MGUT
MRk
)
δkl . (6)
As is clear from the above, the amount of flavour violation in the slepton sector is encoded in(
Y ν†LY ν
)
ij
, originating from light neutrino mixing and from possible mixings involving the heavy
neutrinos (see Eq. (4)). Having a unique source of LFV is the key to all tests of the SUSY seesaw;
this becomes particularly clear in the simple (conservative) limit in which one assumes little (or
2Since we work in a regimeMR ≫ msoft the effects of the Bν -term (assumed to be Bν ∼ m
2
soft) become negligible
in comparison to the superpotential mass term (ν˜∗RM
2
Rν˜R) – see for e.g. [57] for a discussion –, and will not be taken
into account in the analysis.
3
no) additional mixing involving the heavy RH states (i.e., R ∼ 1). To a good approximation, the
intrinsic amount of cLFV is related to low-energy leptonic mixings as(
Y ν†LY ν
)
ij
≃ UMNSik UMNSjk
∗
(mkMRkLk) . (7)
Considering ratios of cLFV observables with similar loop dynamics - approximately equal to
ratios of the above quantity -, firstly allows to test the SUSY seesaw by checking whether or not
its degrees of freedom can accommodate the value of (future) measured quantities. In turn, this
may then allow to extract information on the heavy spectrum, MRk (although there is still a
dependence on the neutrino mass hierarchy and UMNS phases). On the other hand, by comparing
observables with different loop dynamics but similar flavour structure (e.g., ℓi → 3ℓj and ℓi → ℓjγ)
one may test new sectors where LFV can be present.
2.2 Slepton induced cLFV observables
Slepton flavour mixing can lead to charged lepton flavour violation, manifest in a wide array of
observables, at both low-energies (rare processes searched for at high-intensity experiments, such
as MEG and BaBar) and high energies (at colliders, above the slepton production threshold).
Having one unique source of flavour violation implies that the observables should exhibit some
correlation which, as extensively discussed in the literature (see, for example, [30,32,33,35,37,40]),
allows to indirectly probe the high-scale seesaw hypothesis.
At low-energies, virtual sleptons can mediate flavour violating lepton transitions, such as
radiative decays, three-body decays and conversion in nuclei. As an example, the radiative decay
ℓi → ℓjγ receives contributions originating from sneutrino-chargino and charged slepton-neutralino
loops (see e.g. [58], and references therein). Compared to the SM contributions, which are highly
suppressed by powers of mν/MW , these new contributions can be sizeable provided mℓ˜L is not
too heavy and slepton flavour mixing is large. An analytical understanding of the dependency of
BR(ℓi → ℓjγ) on the neutrino Yukawa couplings can be obtained using the LLog approximation.
In the limit of very small off-diagonal ∆m2
L˜
entries, one has
BR(ℓi → ℓjγ)
BR(ℓi → ℓjνiν¯j) ≈
α3 tan2 β
G2F m
8
SUSY
∣∣∣∣ 18π2
(
m2
L˜
+m2ν˜R +m
2
H2 + |Aν0 |2
)(
Y ν† LY ν
)
ij
∣∣∣∣
2
. (8)
The current experimental sensitivity to slepton flavour mixing, i.e. to (∆m2
L˜
)ij , in other ob-
servables such as ℓi → ℓj ℓ¯kℓk and CR(µ − e, N), is in general smaller than in ℓi → ℓjγ [59]. The
current 90% C.L. upper-limits on the cLFV radiative decays are [53,60]
BR(µ→ eγ) < 5.7× 10−13 , BR(τ → µγ) < 4.4 × 10−8 , BR(τ → eγ) < 3.3 × 10−8 . (9)
Under the assumption that all off-diagonal entries
(
Y ν†LY ν
)
ij
are of the same order of magnitude,
the limit on BR(µ → eγ) turns out to be the most constraining. In view of this, and given the
very recent experimental MEG bound on the BR(µ→ eγ) [53], in the present update we mainly
focus on the constraints arising from µ→ eγ.
At high-energy colliders, slepton flavour mixing can be directly probed through ℓ˜Li → ℓjχ01
decays [28,31,33,35,36,40,41]. At the LHC sleptons are preferably produced in cascade decays of
the form q˜L → {χ02, χ±1 }q′ → ℓ˜L{ℓ, ν}q′, provided that these are kinematically allowed. Alterna-
tively, sleptons can also be present in the decay chains of directly produced wino-like χ0 and χ±,
which then decay to ℓ˜L. If both these modes are not viable, then direct production of slepton pairs
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through Drell-Yann s-channel γ and Z exchanges becomes the only possible slepton production
mode3.
Despite the missing energy signature which is always present in R-parity conserving SUSY
models with a neutral lightest SUSY particle (LSP), strategies to reconstruct sparticle masses have
been devised [61–63]. These rely on the assumption that sparticles typically decay to ordinary
particles through two body cascade decays, and that the invariant masses that can be formed
by combining the momenta of the so-produced SM particles give rise to structures with edges
(whose end-points are simple functions of sparticle masses). Assuming that the wino-like χ02 is
heavier than the sleptons, the edge structure of the di-lepton invariant mass distributions (mℓℓ) is
sensitive to slepton masses due to the decay χ02 → ℓ˜ℓ→ ℓℓχ01. An interesting effect of a high-scale
SUSY seesaw is the appearance of a third edge in the di-lepton invariant mass distribution, due
to an intermediate slepton of a different flavour (i.e., ℓ˜j → ℓiχ01), a consequence of slepton flavour
mixing (see the detailed analysis of [35]).
2.3 Flavoured slepton mass differences
Here we focus on the mass differences between sleptons of different generations (especially the
first two, which are dominated by either the left- or right-handed slepton component). In the
absence of LFV, flavoured or inter-generational slepton mass differences arise from both Y l and
in Al (with Al = Al0Y
l at the GUT scale); due to the smallness of the electron and muon Yukawa
couplings (Y l(11,22)), the mass differences between the first two generations is in general well below
the O(0.1%) level [35], even in the case of large tan β.
Through RG-induced effects involving Y ν (see the previous subsections), the seesaw introduces
additional contributions to slepton mass differences. As is clear from Eq. (5), these appear in the
form of flavour diagonal and non-diagonal contributions to the slepton soft masses. Moreover,
and even in the absence of flavour-violating effects (i.e., i = j), their effects are manifest in an
enhancement of the fractional splittings between me˜L and mµ˜L (no significant effect in the right-
handed slepton sector, as LFV in the SUSY seesaw is mostly a left-handed phenomenon), which
are defined as
∆mℓ˜
mℓ˜
(e˜L, µ˜L) =
|me˜L −mµ˜L |
< me˜L ,mµ˜L >
. (10)
Although in the presence of non-negligible flavour violation the slepton eigenstates correspond to
a mixture of the three flavours, we will assume here that the states identified by ℓ˜L are dominated
by the corresponding flavour component.
Previous studies [35] (before recent 2013 LHC and MEG results) had suggested that splittings
as large as ∼ 10% could indeed be obtained for sleptons lighter than 1 TeV. As mentioned before,
we now proceed to re-evaluate these claims, in view of recent MEG bounds and LHC search
results.
3 Numerical results and discussion
In our numerical analysis we assume a normal hierarchy for the light neutrino spectrum, with
non-vanishing mν1 (which we set ≈ O(10−5 eV)). The squared neutrino mass differences, as well
as the neutrino mixing angles (for a standard parameterisation of the UMNS), are taken in the
intervals favoured by current best fits [64]. In our analysis we will assume vanishing CP phases
(Dirac and Majorana).
3For a discussion of the prospects of LFV in slepton decays at a future Linear Collider see, for example, [40].
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We compute the SUSY spectrum and couplings using the public code SPheno-3.2.2 [65],
extended by additional routines to fit the high-scale neutrino Yukawa couplings as to yield the ob-
served oscillation data. We require that the lightest Higgs state, h, be compatible with recent LHC
data on a SM-like scalar boson [52]. In addition to having mh in the range [123 GeV, 128 GeV], we
further require that its couplings are not excluded at 95% C.L. by current data usingHiggsBounds-
4.0.0 [66]. Concerning the sparticle spectrum, we have imposed the following (conservative)
bounds: all LEP bounds [67] were enforced; the gluino and first two generation squarks are re-
quired to be heavier than the upper-limits of [46] (derived in the limit of mχ0
1
= 0); bounds on
the 3rd generation squark masses [47], mχ0
2
, mχ±
1
[48, 49] and mℓ˜ [50] are also imposed (again in
simplified models with mχ0
1
= 0). If the LSP is charged (solutions which are disfavoured in our
phenomenological analysis), we nevertheless require its mass to be above the most constraining
lower-limit derived from searches for heavy stable charged particles at the LHC [51]. Finally, the
dark-matter relic density is calculated with micrOMEGAs-3.0.24 [68].
In our analysis we first begin by considering minimal supergravity (mSUGRA) inspired univer-
sality conditions, and afterwards study the impact of relaxing these universality conditions. This
serves different purposes. First, to identify the regions of the parameter space offering the most
promising prospects for observation of slepton mass differences at forthcoming LHC runs which,
besides providing a SM-like Higgs, are compatible with the most recent low energy cLFV and
sparticle bounds. Secondly, our aim is to investigate whether the synergy of such mass differences
(measurements or upper bounds) and the future results on low energy cLFV could still suggest
some hints on the heavy neutrino spectrum (now rendered easier as all light neutrino mixing angles
have been measured).
3.1 mSUGRA-inspired universality
We first consider an mSUGRA inspired framework, requiring that at MGUT the SUSY soft-
breaking parameters are universal as in cMSSM, and imposing the following relations on the
additional seesaw soft-breaking terms:(
m2ν˜R
)
ij
= δijm
2
0 , (A
ν)ij = A0 (Y
ν)ij , (11)
wherem0 and A0 are the universal scalar soft-breaking mass and trilinear couplings of the cMSSM.
We begin our analysis by revisiting the m0–M1/2 plane, and evaluate the joint impact of the recent
MEG bound on BR(µ → eγ) and of the LHC negative SUSY searches. This further allows to
determine the experimentally viable regions offering the best prospects concerning the study of
slepton mass splittings.
In Fig. 1 we present the m0–M1/2 plane
4 for different choices of A0 and tan β, and for distinct
seesaw scales. We set the R-matrix to 1 (see Eq. (4)), thus working in a conservative scenario
where all flavour violation in the lepton sector arises from the UMNS. In each panel, the blue
lines denote BR(µ → eγ) isolines: the former MEGA bound, 1.2 × 10−11 [70] (lower dashed
line), the MEG current bound 5.7 × 10−13 [53] (solid line), as well as MEG’s expected future
sensitivity [71], 6×10−14 (upper dashed line). In addition, the region delimited by a thick dashed
line is excluded by collider bounds [46–51], while the two solid pink lines correspond to having
mh ∈ [123 GeV, 128 GeV], in agreement with LHC data [52]. Fig. 1 clearly manifests the effect
4The recent analysis of [69] suggests that charge and colour breaking minima constraints on the cMSSM parameter
space, in particular in the regime of large |A0|, can be more severe than previously thought. A detailed study of
whether or not some of points here considered are associated to an unstable desired EWSB minimum lies beyond
the scope of our work. However, we expect that the large majority of points compatible with all bounds (including
flavour) falls outside the unstability regions identified in [69], where scenarios of large |A0| are typically associated
to very large M1/2 and/or even larger m0.
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Figure 1: m0–M1/2 plane for different choices of A0, tan β and seesaw scale (MR), with different
grey regions corresponding to distinct values of ∆mℓ˜(e˜L, µ˜L)/mℓ˜ as indicated. We have taken a
degenerate RH neutrino spectrum and set R = 1. The region below the thick (black) dashed
curve does not pass the cuts applied on sparticle masses, while the red regions are excluded due
to the presence of a charged LSP. Green regions correspond to mχ0
2
,χ±
1
> 〈me˜L ,mµ˜L〉 + 10 GeV.
Different blue curves denote BR(µ→ eγ) isolines, while the two solid pink lines enclose the region
where mh ∈ [123 GeV, 128 GeV].
of the new BR(µ → eγ) upper-limit, which in all cases amounts to dramatically reducing the
previously allowed cMSSM SUSY-seesaw space. By lowering the seesaw scale (i.e., taking smaller
values of MR, and hence smaller Y
ν), larger regions of the m0–M1/2 plane can survive. However,
and as we proceed to discuss, this has a direct impact on the prospects for sizeable flavoured
slepton mass splittings, as both observables stem from a unique source of LFV - the neutrino
Yukawa couplings.
As can be seen in the top left panel of Fig. 1, the largest fractional mass splittings (∆mℓ˜(e˜L, µ˜L)/mℓ˜)
correspond to regions with large m0. This can be understood from the fact that (flavour non-
universal) RG-driven contributions to the soft masses of left-handed (LH) sleptons are propor-
tional to m2
L˜
= m2ν˜R = m
2
H2
= m20 at MGUT (cf. Eq. (5)). The predominant effect of a larger M1/2
translates in the increase of the slepton soft-masses at the SUSY scale from radiative corrections
involving EW gauginos. For the case of a comparatively large seesaw scale (MR ∼ 1015 GeV),
in association with large Yukawa couplings, Y ν ∼ O(1), one could expect ∆mℓ˜(e˜L, µ˜L)/mℓ˜ ≈ 2%;
however, these regions are associated to BR(µ → eγ) already excluded. Complying with all
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bounds (accelerator - including Higgs searches -, and low-energy), and further requiring a neutral
LSP5, reduces the m0–M1/2 plane to a small triangular region, corresponding to m0 ∼ 1 TeV,
M1/2 ∼ 3.5 TeV, where at most one can expect ∆mℓ˜(e˜L, µ˜L)/mℓ˜ ∼ O(1%), typically for mℓ˜L ≈ 2.5
TeV.
As mentioned before, lowering the seesaw scale reduces the amount of RG-induced cLFV.
As manifest from the comparison of the left panels of Fig. 1, the new bound on BR(µ → eγ)
can now be accommodated in larger regions of the m0–M1/2 plane, but slepton mass splittings
also diminish, and one has ∆mℓ˜(e˜L, µ˜L)/mℓ˜ . 0.5%. Although this will be addressed in more
detail in the following section, considering R 6= 1 would mostly lead to a displacement of the
∆mℓ˜ isosurfaces to larger values of m0, accompanied by distortions of the BR(µ→ eγ) isolines; a
hierarchical RH spectrum (or fixed values of MR3) would in turn lead to a slight reduction of the
associated BR(µ→ eγ).
The size (and global shape) of the different regions in the m0–M1/2 plane also reflects the
remaining mSUGRA parameters, A0 and tan β. The two lower panels of Fig. 1 reflect the impact
of varying the trilinear couplings. For |A0| ≫ m0, the A20 contribution outweighs that of m20 to
the flavour non-universal radiative corrections (see Eq. (5)), so that in this case the mass splittings
are approximately constant along the m0 direction. In the regime of large |A0|, one finds that
the largest splittings compatible with flavour bounds are ∆mℓ˜(e˜L, µ˜L)/mℓ˜ ∼ 0.8%, for sleptons
heavier than several TeV. The effect of varying - in particular, lowering - tan β can be evaluated
from the comparison of the two upper panels. Regimes of larger tan β lead to larger SUSY
contributions to BR(µ→ eγ) [3,4], and compatibility with current bounds strongly constrains the
size of the Yukawa couplings, thus reducing the maximal value of the slepton mass differences.
Setting tan β = 3 implies that in a strict cMSSM framework h is too light to be the SM-like
Higgs. However, minimally relaxing the universal conditions (in particular concerning the third
generation squark masses) to accommodate mh ∼ 125 GeV, without affecting considerably the
observables being displayed, allows to infer that the low m0–M1/2 regions that were excluded in
the tan β = 10 case by the upper-limit on µ → eγ are now viable. In addition, they exhibit a
small enhancement of the mass splittings due to an increase in the strength of Y ν (∝ 1/v2, cf.
Eq. (4)). (Relaxed scenarios, which accommodate mh ∼ 125 GeV with light EW gauginos and
sleptons, will be explored in Sec. 3.2.)
To summarise the crucial point of the first part of the analysis, Fig. 1 clearly reveals how the
prospects for probing the cMSSM type-I seesaw have evolved in view of the recent experimental
breakthroughs. While in a first analysis6 (pre-LHC) [35] one could have ∆mℓ˜(e˜L, µ˜L)/mℓ˜ ∼ 5%
for mℓ˜ ∼ 500 GeV, one is now confronted to a very different situation: at most one can expect
∆mℓ˜(e˜L, µ˜L)/mℓ˜ ∼ 1%, and only in a somewhat fine-tuned region of the m0–M1/2 plane, always
in association with considerably heavy sleptons (∼ 2.5 TeV). Whether or not the LHC will be
able to reconstruct such tiny mass differences lies beyond the scope of the present analysis.
As mentioned in Section 2.2, at the LHC sleptons are preferably produced in q˜L → {χ02, χ±1 } →
5In our analysis, and other than requiring that the LSP be neutral (typically the lightest neutralino), we do
not impose dark matter constraints on the parameter space. For completeness, we notice that in general the relic
density (ΩDMh
2) is always ΩDMh
2 > 0.13 [68], as points complying with recent bounds [72,73] lie below the direct
search exclusion line. One can nevertheless consider non-standard cosmological models, where a deviation from
standard Big-Bang cosmology allows to reduce the relic density [74], or a very small amount of R-parity violation
that would render the LSP unstable.
6In a previous exploratory study [35], a regime of very small θ13 (prior to its experimental measurement) had
been considered. For larger θ13, the largest slepton mass splittings compatible with the same set of flavour bounds
are smaller than those derived for small θ13. In fact, in the case R ≈ 1 and for MR3 ≫ MR1,2 , smaller values
of θ13 allow for a larger overall contribution to ∆mℓ˜(e˜L, µ˜L)/mℓ˜ (which can also proceed from τ˜ − µ˜ mixing, less
experimentally constrained).
8
ℓ˜L decays (if kinematically allowed). In all panels of Fig. 1, green surfaces correspond to regions
where ℓ˜L can be produced from χ
0
2 decays, accompanied by the emission of a hard lepton. We
will subsequently explore these regions in greater detail. In particular, and instead of considering
a degenerate RH neutrino spectrum, we now consider a hierarchical one: we fix MR1 = 10
10 GeV,
MR2 = 10
11 GeV with MR3 ∈ {1012, 1013, 1014, 1015} GeV. We again set R = 1. For each point
we then perform a random scan in m0, M1/2 and A0, which are chosen from the following wide
ranges
m0 ∈ [0, 3] TeV , M1/2 ∈ [0, 10] TeV , A0 ∈ [−4, 4] TeV . (12)
The low-energy spectrum is subject to all the aforementioned cuts on sparticle (and lightest Higgs)
masses. One further requires that the spectrum obeys mχ0
2
> 〈me˜L ,mµ˜L〉+ 10 GeV, and that χ01
is the LSP. The results are collected in Fig. 2, where we display the slepton mass splittings versus
the average slepton mass for the first two generations.
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Figure 2: Slepton mass splittings versus the average slepton mass for the first two generations of
mostly LH sleptons, in the cMSSM type-I seesaw. On the left we set tan β = 10, while on the
right tan β = 3. We have taken R = 1 and a hierarchical RH neutrino spectrum with MR1 = 10
10
GeV, MR2 = 10
11 GeV and MR3 = {1012, 1013, 1014, 1015} GeV (corresponding to the four regions
along the ∆mℓ˜(e˜L, µ˜L)/mℓ˜ axis). Grey points have mh outside the preferred interval; purple,
orange, yellow, dark-green, light-green and black regions correspond to BR(µ→ eγ) in the ranges
< 10−17, [10−17, 10−16], [10−16, 10−15], [10−15, 6×10−14], [6×10−14, 5.7×10−13] and > 5.7×10−13,
respectively.
Each of the panels of Fig. 2 comprises four “boomerang-shaped” regions, corresponding to
the different choices of MR3 (increasing from left to right). Within each individual region, the
upwards (and left-most) part corresponds to regimes of small |A0| (compared to m0 and M1/2),
while the right-most extremity is associated with larger |A0|. As it is clear from the left panel
(where tan β = 10), any splittings & O(1%), compatible with current lepton flavour bounds, are
associated to heavy sleptons, mℓ˜ ∼ 2 TeV. In agreement to what could be expected from the
discussion7 of Fig. 1, these large splittings can either occur for MR3 ≈ 1015 GeV in the small
|A0| regime or MR3 ≈ 1014 GeV for large |A0|; we find it worth emphasising that these sizeable
splittings, which have an associated BR(µ→ eγ) in the range of MEG’s expected future sensitivity
(light-green points) have a spectrum compatible with mh ∼ 125 GeV. It is nevertheless possible
7We notice that a degenerate RH neutrino spectrum was considered in the analysis of Fig. 1. For fixed values of
MR3 , a hierarchical RH spectrum leads to a slight reduction of the associated BR(µ→ eγ) – by around a factor 2
–, hence rendering viable part of the 1% band in the bottom-right panel of Fig. 1.
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to have ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & O(0.1%), compatible with current flavour bounds and within MEG
reach, for lighter sleptons.
For comparison, on the right panel of Fig. 2 we display an analogous study for tan β = 3.
As previously discussed, in such a regime, complying with mh bounds requires very large values
of m0 and M1/2 (in a strictly constrained MSSM framework), thus leading to extremely heavy
sleptons (and gauginos), mℓ˜L & 3.5 TeV. In turn, this precludes the possibility of observing cLFV
transitions at MEG (essentially for any value of the mass splittings).
Figure 2 clearly suggests that scenarios with sizeable ∆mℓ˜(e˜L, µ˜L)/mℓ˜, in association to a
slepton spectrum sufficiently light to be abundantly produced at the LHC, and with viable BR(µ→
eγ) are excluded, since in a constrained framework as the cMSSM, such regimes are not compatible
with mh. In the following, we consider the impact of relaxing the strict universality of the SUSY
soft-breaking terms regarding slepton mass splittings.
3.2 Beyond mSUGRA-inspired universal conditions
We now consider a modified SUSY seesaw scheme in which one breaks strict universality for squark,
slepton and Higgs soft-breaking terms at the GUT scale (but still preserving flavour universality).
Moreover, soft breaking gluino and EW gaugino masses are also taken to be independent. This
results in the following relations at MGUT, yielding 7 free parameters in addition to tan β and
sign(µ):
M1/2 ⇒
{
M1 =M2 =M
EW
1/2 ,
M3 =M
3
1/2 ,
m0 ⇒


mL˜0 = m
e˜
0 = m
ν˜R
0 = m
ℓ˜
0 ,
mQ˜0 = m
u˜
0 = m
d˜
0 = m
q˜
0 ,
mH10 = m
H2
0 = m
H
0 ,
A0 ⇒
{
Al0 = A
ν
0 = A
ℓ
0 ,
Au0 = A
d
0 = A
q
0 .
(13)
For each of the two considered regimes for tan β, we focus on the following specific choices for
M31/2, m
q˜
0 and A
q
0, which lead to mh ∼ 125 GeV (enhanced by radiative corrections involving
heavy stops and/or large stop mixing),
tan β = 10 : M31/2 = 1.1 TeV , m
q˜
0 = 1.5 TeV , A
q
0 = −4 TeV ;
tan β = 3 : M31/2 = 4.7 TeV , m
q˜
0 = 4.5 TeV , A
q
0 = −15 TeV ; (14)
and, similar to what was done for Fig. 2, we conduct a random scan of the remaining parameters,
which were varied in the following chosen intervals:
M
EW
1/2 ∈ [0, 5] TeV , mℓ˜0 ∈ [0, 3] TeV , mH0 ∈ [0, 3] TeV , Aℓ0 ∈ [−5, 5] TeV . (15)
The results are collected in Fig. 3, the panels corresponding to tan β = 10 (left) and tan β = 3
(right). All points displayed are in agreement with LHC bounds on sparticle masses and on a
SM-like Higgs mass. Moreover, the spectrum always fulfils mχ0
2
> 〈me˜L ,mµ˜L〉 + 10 GeV, with a
χ01 LSP.
As it is manifest from Fig. 3, the most interesting consequence of relaxing the strict cMSSM
universality conditions concerns the possibility of having considerably lighter sleptons in associa-
tion with sizeable mass splittings and still compatible with flavour bounds. This is particularly
striking in the case of tan β = 3 (right panel), where one can verify that sleptons as light as
∼ 800 GeV (1.6 TeV) can be associated to O(0.1%) (O(1%)) splittings, in agreement with all
imposed constraints. For tan β = 10 (displayed on the left panel), the impact of deviating from
a strict cMSSM framework is somewhat less pronounced: one again finds that O(0.1%) slepton
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Figure 3: Mass splittings versus average mass for the first two generations of mostly LH sleptons,
for the scenario of Eq. (13). The underlying scan is described in the text, with tan β = 10 (3)
in the left (right) panel. We have taken R = 1, and a hierarchical RH neutrino spectrum with
MR1 = 10
10 GeV, MR2 = 10
11 GeV and MR3 = {1012, 1013, 1014, 1015} GeV. Colour code as in
Fig. 2; in addition, we denote in red the points exhibiting a DM relic density ΩDMh
2 < 0.13.
Superimposed blue “crosses” correspond to the sample points of Table 1.
mass splittings are attainable for mℓ˜ & 0.9 TeV. Larger values of ∆mℓ˜(e˜L, µ˜L)/mℓ˜ remain difficult
to obtain with the boundary conditions of Eq. (14).
A very interesting feature of this relaxed framework, especially for the tan β = 10 case, is that
the spectrum now allows for an efficient LSP density depletion (via χ01− t˜1 co-annihilation). This
is highlighted by the red points in the left panel of Fig. 3.
Concerning the prospects of a potential future observation of a µ → eγ decay at MEG, in
the case of tan β = 10, and for sleptons lighter than 1.2 TeV, ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & O(0.1%) are
associated to BR(µ → eγ) within MEG’s expected future sensitivity. For tan β = 3, splittings
& O(1%) (O(0.1%)), with sleptons lighter than ∼ 2.7 TeV (1.3 TeV), would also yield BR(µ→ eγ)
values within MEG reach.
As compared to Fig. 2, where one could still identify four independent “boomerang” shapes
(especially for heavy sleptons), here only four small crests can be distinguished (again for the
heavier slepton regimes). Due to having uncorrelated mq˜0 and m
H
0 at the GUT scale, and having
taken heavy stops (with large Au0), m
2
H2
can now run to negative values above the seesaw scale,
thus potentially cancelling the contribution of m2ν˜R , m
2
L˜
and |Aν0 |2 to the flavour violating RG-
induced effects (cf. Eq. (5)). Potential cancellations within the flavour-violating soft-breaking
terms were pointed out in [56] for the case of non-universal Higgs masses (where possible negative
values of m2H2 at the GUT scale were considered). Finally, we notice that points in the left (right)
panel have an average squark mass for the first two LH generations mq˜L ∼ 3 (9) TeV. Although
this formally means that all points displayed in Fig. 3 would have the q˜L → χ02 → ℓ˜L cascade open,
in the general case the most likely slepton production mode remains via direct gaugino production
(due to the very heavy squark spectrum).
In what follows we evaluate to which extent the correlations between low- and high-energy
cLFV observables can still provide potential probes of a type-I SUSY seesaw, illustrating the
results for two individual cases, singled out from the panels of Fig. 3, where they have been
depicted using blue “crosses”.
Point A (left panel - tan β = 10) exhibits the largest splittings for a light slepton spectrum,
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and has ΩDMh
2 within the 1σ interval of Planck [72]. Point B (right panel - tan β = 3) also
corresponds to a choice illustrating the largest splittings still compatible with current flavour
bounds. In Table 1 we display the SUSY soft breaking terms (in addition to the fixed input
parameters of Eq. (14)), and a sample of the SUSY spectrum - corresponding to MR3 = 10
15 GeV.
Strictly for illustrative purposes, and using Prospino-2.1 [75], we also provide an estimation of
the LH slepton production cross-sections for
√
s = 14 TeV, from the decay of directly produced
neutral and charged winos (χ02, χ
±
1 ), as well as from the decay chains of directly produced squarks
and gluinos. (Notice that Point A is a concrete example of a case where slepton production via
squark production is more favourable than via direct gaugino production.)
A B
M
EW
1/2 2362 2821
mℓ˜0 973 1365
mH0 173 2808
Aℓ0 3750 1651
A B
〈me˜L ,mµ˜L〉 1835 2240
∆mℓ˜
mℓ˜
(e˜L, µ˜L) 0.5% 2.1%
mχ0
2
,χ±
1
1936 2349
mχ0
1
1043 1264
mt˜1 1084 4825
〈mq˜L〉 2916 9059
mh 125.4 125.3
A B
σ
prod (χ0
2
,χ±
1
)
ℓ˜
6.1× 10−4 7.6× 10−4
σ
prod (χ0
2
only)
ℓ˜
2.1× 10−4 2.6× 10−4
σ
prod (q˜L; via χ
0
2
,χ±
1
)
ℓ˜
1.9× 10−2 –
σ
prod (q˜L; via χ
0
2
only)
ℓ˜
6.4× 10−3 –
Table 1: Points A and B: SUSY soft breaking input parameters, sample of the SUSY spectrum and
slepton mass splittings (in the case ofMR3 = 10
15 GeV), and LH slepton production cross-sections
for
√
s = 14 TeV (masses in GeV and σ in fb).
Although the production cross-sections for these points suggest that observation of a significant
number of events might be challenging, it is important to stress that a minor modification of the
spectra (in particular, breaking the universality of the third generation of squarks) could easily
lead to scenarios where as much as 300 events can be indeed achieved, for an integrated luminosity
around 3000 fb−1.
In Fig. 4 we display BR(µ→ eγ) as a function of ∆mℓ˜(e˜L, µ˜L)/mℓ˜ for points A (left panel) and
B (right panel), considering different regimes ofMR3 (for fixed values ofMR1,2). On the secondary
y-axis we present the corresponding value of CR(µ− e, Ti), estimated assuming the hypothesis of
γ-penguin domination, valid for the scenarios here considered (see, for example [25,59]), and which
predicts CR(µ − e, Ti) ≈ 5 × 10−3 BR(µ → eγ) [9]. A horizontal full (dashed) line corresponds
to MEG’s current bound (expected future sensitivity), while a cyan dashed line corresponds to
PRISM/PRIME proposed sensitivity8, CR(µ − e, Ti) ∼ 10−18 [78]. On the upper two plots, we
8Other proposals for high-sensitivity µ − e conversion searches (Aluminium nuclei) include Mu2e [76] and
COMET [77].
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Figure 4: Mass splittings versus BR(µ → eγ) for points A (left) and B (right) - see Table 1,
displaying complementary information on CR(µ − e, Ti) on the secondary y-axis. Full (dashed)
horizontal lines denote current bounds (future sensitivities). We have taken a hierarchical RH
neutrino spectrum with MR1 = 10
10 GeV, MR2 = 10
11 GeV. The colour scheme denotes different
intervals of MR3 : in the upper panels it is varied in the range [10
12, 1015] GeV, while in the lower
panels we considered 1013,14,15 GeV (blue, green and red points, respectively). On the upper
panels, we set R = 1, while in the lower ones the R-matrix was randomly varied in the intervals
|θi| . π and −π . arg(θi) . π. The slanted full black lines on the lower panels correspond to the
limit R = 1 depicted in the upper panels.
have again taken the conservative - yet simple - limit of R = 1. On the lower plots of Fig. 4, we
consider the more general case where there are additional mixings involving the RH neutrinos,
conducting a broad scan over the complex R-matrix angles, θi. This allows a global overview of
the contributions to the different cLFV observables (albeit for fixed SUSY points).
The information contained in the different panels of Fig. 4 provides a comprehensive summary
of the discussion we have conducted so far. Taking into account the additional degrees of freedom
in the RH neutrino sector (encoded in the R-matrix complex angles) allows to have mass splittings
as large as 5%, still in agreement with low-energy flavour bounds, and even for a comparatively
low seesaw scale, O(1013 GeV), as made clear from the lower panels. Strong deviations from the
simplistic R = 1 case may also point in the direction of particular flavour models, as recently
explored in [41].
From the interplay of the different observables, and depending on the outcome of the distinct
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low- and high-energy experiments, many conclusions can be drawn with respect to the viability
of a type-I SUSY seesaw as the underlying mechanism.
Under the hypothesis that the slepton mass scale will have been determined (and the sparticle
spectrum interpreted in terms of a high-scale SUSY model), a joint study of the low- and high-
energy cLFV observables can offer important insight into the seesaw dynamics. Let us first consider
the simple R = 1 case: for scenario A, any measurement of ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & 0.1% would entail
BR(µ → eγ) within MEG reach (and vice-versa), further suggesting a seesaw scale of the order
of 1014 GeV. For reconstructed SUSY models of lower tan β, the result in the upper right panel
would allow for similar conclusions: splittings of O(1%) (O(0.1%)) should be accompanied by the
observation of µ → eγ decay at MEG (µ − e conversion at PRISM/PRIME), hinting towards a
seesaw scale of the order of 5 × 1014 GeV (1014 GeV). Conversely, the isolated manifestation of
either low- or high-scale cLFV, e.g. ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & O(5%) without any µ→ eγ or µ−e signal,
would strongly suggest that sources of LFV, other than - or in addition to - the SUSY seesaw are
present.
Analogous, but stronger conclusions can be drawn from the inspection of the scans corre-
sponding to R 6= 1 case: although the clear dependence on the seesaw scale (present for R = 1)
becomes diluted due to the additional contributions from the mixings involving RH neutrinos, the
correlation between the observables still allows to indirectly test the SUSY seesaw. Again, any
measurement ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & O(1%) must be accompanied by observation of µ→ eγ decay at
MEG so to substantiate the SUSY seesaw hypothesis; on the other hand ∆mℓ˜(e˜L, µ˜L)/mℓ˜ & O(1%)
without any µ→ eγ or µ− e signal would strongly disfavour the underlying hypothesis.
4 Conclusions
In this study we have revisited the impact of a type-I SUSY seesaw concerning LFV following
the recent MEG bound on BR(µ→ eγ), LHC data (discovery of a Higgs-like boson and negative
SUSY searches), and the measurement of θ13, updating the results obtained in [35]. The aim of
our work was to discuss whether current cLFV results and SUSY searches still render viable the
observation of slepton mass differences at the LHC, and if the interplay of the latter observables
with low-energy cLFV bounds could still shed some light on the high-energy seesaw parameters.
Our analysis was based in the hypothesis that all flavour violation in the lepton sector is due to the
neutrino Yukawa couplings; we thus embed the type-I seesaw in constrained and semi-constrained
SUSY breaking scenarios.
Due to the new BR(µ → eγ) bound, in association with the measured “large” value of θ13,
we find that in general slepton mass splittings tend to be very small, unless the slepton spectra
is considerably heavy. This implies that for the type-I SUSY seesaw the observation of cLFV at
high-energies will be clearly much more challenging than the low-energy, high-intensity studies.
Regarding the embedding of the type-I seesaw into constrained SUSY models such as the
cMSSM, we have verified that recent LHC data (in particular the measurement of mh) precludes
the possibility of simultaneously having BR(µ→ eγ) within MEG reach and sizeable slepton mass
differences associated with a slepton spectrum sufficiently light to be produced.
On the other hand, relaxing the strict universality of SUSY soft-breaking terms allows to
circumvent some of the strongest LHC bounds, especially on mh, and opens the door to non-
negligible slepton mass splittings (for a comparatively light slepton spectrum), with associated
µ→ eγ rates (as well as CR(µ−e)) within experimental reach. Although dependent on the SUSY
regime (e.g., on tan β), one can still find ∆mℓ˜(e˜L, µ˜L)/mℓ˜ ∼ 0.1% − 1%, for mℓ˜ ranging from
800 GeV to 1.6 TeV.
We have studied in detail the impact of the different seesaw parameters for representative
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points in SUSY space. The results of this comprehensive analysis were presented in Fig. 4. As
we have shown, one can have mass splittings as large as 5%, still in agreement with low-energy
flavour bounds, even for a comparatively low seesaw scale, O(1013 GeV). In these scenarios, one
can still use the correlation of high- and low-energy cLFV observables to probe the SUSY seesaw,
and we provided some illustrative examples of this interplay.
In summary, our analysis shows that in the case of semi-constrained (flavour universal) SUSY
models, the reconstruction of the slepton mass scale and slepton mass splittings, in synergy
with the measurement of low-energy cLFV observables, still remains a potential probe to test
(strengthen or disfavour) the high-scale type-I SUSY seesaw.
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